It is generally accepted that taxa exhibit genetic variation in phenotypic plasticity, but many questions remain unanswered about how divergent plastic responses evolve under dissimilar ecological conditions. Hormones are signaling molecules that act as proximate mediators of phenotype expression by regulating a variety of cellular, physiological, and behavioral responses. Hormones not only change cellular and physiological states but also influence gene expression directly or indirectly, thereby linking environmental conditions to phenotypic development. Studying how hormonal pathways respond to environmental variation and how those responses differ between individuals, populations, and species can expand our understanding of the evolution of phenotypic plasticity. Here, we explore the ways that the study of hormone signaling is providing new insights into the underlying proximate bases for individual, population or species variation in plasticity. Using several studies as exemplars, we examine how a 'norm of reaction' approach can be used in investigations of hormone-mediated plasticity to inform the following: 1) how environmental cues affect the component hormones, receptors and enzymes that comprise any endocrine signaling pathway, 2) how genetic and epigenetic variation in endocrine-associated genes can generate variation in plasticity among these diverse components, and 3) how phenotypes mediated by the same hormone can be coupled and decoupled via independent plastic responses of signaling components across target tissues. Future studies that apply approaches such as reaction norms and network modeling to questions concerning how hormones link environmental stimuli to ecologically-relevant phenotypic responses should help unravel how phenotypic plasticity evolves [Current Zoology 59 (4): 506-525, 2013].
The development and expression of an organism's phenotype can be influenced by a variety of factors including the type of environmental conditions experienced throughout life. Environmental experience can shape a variety of traits such as morphology (Lively, 1986; Mittelbach et al., 1999; Nijhout, 2003; Lema and Nevitt, 2006) , patterns of behavior (Keller and Ross, 1993; Emlen, 1997; Carroll and Corneli, 1999; Maruska and Fernald, 2013) , and the expression of life history characters such as when to become sexually mature and reproduce (Morgan and Christy, 1994; Sultan, 2000; Dawson, 2008) , or even what sex to be (Warner, 1984; Crews, 2003; Godwin et al., 2003) . Such environmentally-induced variation in an organism's phenotype is termed phenotypic plasticity (West-Eberhard, 2003) . The extent to which a given organism exhibits plasticity depends on the environmental conditions experienced, the genetic composition of that individual organism, and the specific phenotypic character in question (Schlicting and Pigliucci, 1998; Pigliucci, 2001 ).
There has been interest among biologists in partitioning the contributions of genes and environment to phenotypic variation ever since Wilhelm Johannsen coined the distinction between genotype and phenotype in the early 1900's (Johannsen, 1911) . Hypotheses about the relative importance of genotype and environment in phenotypic expression have been fervently contended for years under the umbrella of the 'nature vs. nurture debate' (e.g., Johnston, 1987) . However, studies on the development of phenotypes over the past few decades have established that phenotypic plasticity itself has a genetic basis, and that plasticity can evolve (e.g., Pigluicci, 2001; Pigluicci, 2005; West-Eberhard, 2003) .
Accordingly, considerable interest has now been directed toward understanding why phenotype plasticity evolves, including what environmental conditions lead plasticity to evolve, what conditions might result in the loss of adaptive plasticity, and what broader significance plasticity holds for evolutionary diversification (de Jong, 2005; Crispo, 2007; Pfennig et al., 2010) . How pheno-typic plasticity evolves, however, has received less attention. Understanding how phenotypic plasticity evolves presents several challenges, as it requires both identifying the causative links between environment and phenotype and exploring how genotype-environment interaction changes across generations or varies among taxa. In some scenarios of developmental plasticity, the environmental interactions that shape plastic phenotypic responses occur earlier in development than the resulting phenotypic outcome. Depending on the duration of this temporal separation, the mechanistic details of how environments influence phenotypes differently among populations or species may be difficult to distinguish, ultimately making the identification of evolutionary change in causative interactions formidable.
A foothold toward understanding how phenotypic plasticity evolves, however, can be found by recalling that the essential elements of phenotypic plasticity arise from the network of interactions that connect an organism to its environment. Understanding the evolution of plastic responses to environmental variation therefore requires thinking within the context of those interactions, including the organism's experiences with both current environmental conditions and conditions earlier in life, and the physiological and behavioral mechanisms that mediate cell-or tissue-specific gene expression changes in response to environmental experience. Studying the evolution of phenotypic plasticity thereby necessitates thinking broadly about the molecular, physiological and behavioral mechanisms that mediate how environmental variation shapes ontogeny, including focused investigations on each of the following: 1) identifying the network of interacting molecular and physiological pathways, including feedback loops, that link an organism to its environment, 2) distinguishing existing variation among populations or species in the environmental sensitivity and function of these pathways, and 3) exploring how genetic and epigenetic differences underpin any such pathway variation to enable evolutionary changes in phenotypic plasticity between populations or over time.
In this article, we address how studies of phenotypic plasticity from an endocrinology perspective can inform these critical questions about how phenotypic plasticity evolves. Hormones can be viewed as developmental links between an organism's genetics and its environment via their role in transducing environmental inputwhether external to the organism (e.g., temperature, social interaction) or internal (e.g., metabolic state, a signal from another tissue or cell) -into changes in cell function or gene expression. Accordingly then, endocrine systems have been a focus for studies on the physiological basis of phenotypic plasticity for years, and there are now many examples where hormones have been shown either to have organizing effects by shaping trajectories of phenotypic development, or activational effects by inducing repeatable switches in phenotype depending on current environmental conditions (Table 1) (Moore, 1991; Dufty et al., 2002; Hatle, 2003; Nijhout, 2003) . In this article, we go beyond the existing literature on the hormonal basis for phenotypic plasticity to consider how studies of hormone-mediated plasticity in an ecologically relevant context have the potential to provide new insights into how environmental cues regulate the network of molecular and cellular pathways that link organismal development to experience, and how that environmental regulation evolves.
Endocrine Systems as Multidimensional Regulatory Networks
To consider the role of hormones in the evolution of phenotypic plasticity, it is helpful to first review how endocrine systems conjoin environmental conditions to an organism's physiology and behavior. Hormones are secreted from an endocrine gland or tissue in response to a change in environmental stimulus, whether external to the organism (e.g., photoperiod, temperature, social challenge, pheromone) or internal (e.g., hydromineral balance, glucose availability, another hormone). The secreted hormone then travels though the organism via systemic circulation until it reaches a peripheral target tissue, where, if it is a polypeptide hormone, it binds a membrane receptor to induce changes in intracellular levels of second messenger molecules such as cytosolic cAMP, inositol triphosphate (IP 3 ) or Ca +2 , or -if it is a steroid (e.g., estrogens, androgens, glucocorticoids, ecdysteriods) or thyroid hormone -it may bind either a intracellular nuclear receptor to up-or down-regulates gene transcription directly, or a membrane or cytoplasmic intracellular receptor to have nongenomic actions on target cells (Bassett et al., 2003; Zhu et al., 2003; Hammes and Levin, 2007; Davis et al., 2008; Cheng et al., 2010) . In either scenario, the hormone's action in peripheral tissues is a change in cell function or gene expression that, ultimately, induces a change in the organism's physiology, behavior, or development. Thus, hormones can be viewed as the molecular connectors between an organism's environmental experiences and its genome (Pigluicci, 2001; West-Eberhard, 2003) .
Changes in the concentration of circulating hormone (e.g., blood hormone titer) clearly hold a central place in mediating any hormone's effects, so suitably much attention has been paid to how hormone concentrations evolve between populations or species from different environments (Dufty et al., 2002; Bradshaw, 2007; Zera et al., 2007) . However, endocrine signaling pathways are complex, and important steps in endocrine pathways are often neglected in ecological studies even though consideration of these components is vital for understanding the evolution of hormone-mediated traits ( Fig.  1 ) (Ball and Balthazart, 2008; Williams, 2008) . For instance, steroid hormones, thyroid hormones and many peptide hormones attach to hormone binding proteins (HBPs), which facilitate transport of these hormones in blood circulation. It is now recognized that many HBPs may be multifunctional and not only transport hormones, but also regulate hormone access to receptors, mediate alternate signaling mechanisms for hormone responses, and sometimes even function independently as signaling factors themselves (Breuner and Orchinik, 2002; Duan, 2002; Mohan and Baylink, 2002; Hammond, 2011) .
Likewise, the type and relative abundance of different receptors expressed in a target tissue will shape the response of that tissue to a hormone. Evolutionary diversification of endocrine-mediated phenotypes has been shown to result from selection on genetic variation in receptor genes either in the coding region or in the 5′ flanking promoter region, which regulates tissue expression patterns of the receptor (Hoekstra et al., 2006; Phelps, 2010) . Alternatively, it is known that many hormone receptors have diversified following a full or partial genome duplication event in a taxonomic lineage (Thornton, 2001; Larhammar et al., 2009; Daza et al., 2012) ; once duplicated, one copy of the receptor can accumulate mutations, eventually leading to two functionally distinct receptor types.
Evolutionary changes in endocrine pathways can also occur via mutations in other components of the endocrine signaling pathway. For instance, conversion enzymes are common components of steroid and thyroid hormone signaling systems, and play a major role in regulating the forms and levels of these hormones both in systemic circulation and in peripheral tissues (Miller, 
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Fig. 1 Schematic representation of how endocrine signaling pathways link environmental conditions to phenotypic responses
Two typical pathways are shown: the 'Hormone A' pathway represents a steroid hormone or thyroid hormone signaling pathway, while the 'Hormone B' pathway represents a polypeptide signal pathway. The perception of an environmental cue stimulates endocrine tissues to release hormones, which are transported in the blood by serum binding proteins to target tissues in the organism's periphery. In the case of steroid or thyroid hormones, the hormone may be metabolized within target tissues to more or less active forms by conversion enzymes and then bind receptors locally, or be released back into blood circulation. If the signal is a steroid or thyroid hormone, the hormone might bind an intracellular receptor, which then interacts with hormone response element (HRE) sequences in the cis-regulatory region of loci to up-or down-regulate gene transcription. If the hormone signal is a polypeptide hormone, steroid hormone or thyroid hormone, the hormone may instead bind receptors located within the plasma membrane of target cells and activate a G-protein or phosphorylation mediated cascade of intracellular changes. Hormone signals can also be degraded enzymatically by conjugation or proteolysis. Key steps in the signaling pathways where genetic variation could alter hormone signal function are shown in red text. proteins (OATPs), which facilitate the uptake of thyroid hormones, steroid hormones, prostaglandins and select polypeptide hormones into cells of peripheral tissues (Visser et al., 2008; van der Deure et al., 2010; Svodoba et al., 2011) . And, several enzymes function in the hydroxylation or conjugation of hormones, either to enable excretion of excess hormone, facilitate deactivation by catabolic processes (Sembdner et al., 1994) , or even generate alternate forms of active hormone signal (Staswick, 2009 ). In the vertebrate liver, for instance, steroid and thyroid hormones can be hydroxylated to metabolites with lower or no activity by cytochrome P450 enzymes, or conjugated for excretion through the addition of glucouronide or sulfate moieties by glucuronosyltransferase (UGT) and sulfotransferase (SULT) enzymes (Strott, 1997; James, 2011) .
By thinking more broadly about hormone signaling, we begin to see that endocrine pathways are structured as complex, multidimensional networks comprised of several interacting components (e.g., hormones, HBPs, receptors, conversion enzymes, membrane transporters) ( Fig. 1) . With respect to endocrine-mediated phenotypic plasticity, however, most studies to date have focused on environmentally-mediated changes in hormone levels, and very few studies have taken into account these additional components of endocrine signaling (but see, Zera et al., 2007; McCormick, 2009 ). But, is it possible that environmental regulation of hormone signaling will include changes in several of these other components? In order to fully understand how endocrine systems respond to environmental variation and contribute to phenotypic plasticity, we need to think beyond just environmental alteration of hormone production, and begin considering how environmental conditions affect the network of components that comprise a hormone signaling pathway. To do this, one must make quantitative measures of several components in the hormone pathway, including blood hormone titers, protein or transcript expression levels of receptors, conversion enzymes, HBPs, or membrane transporters, or the activity of conversion enzymes or conjugation enzymes. When taken together, such values will provide a multidimensional picture of the hormone signaling network, and when measured in several different environments, can provide a clearer window into the environmental responsiveness, or plasticity, of endocrine systems themselves.
Physiological Reaction Norms for Hormone Signaling Endophenotypes
Efforts to study endocrine networks to understand how phenotypic plasticity evolves promptly encounter a common problem in studying evolutionary change in environmentally-responsive traits: how does one both visualize the environmental responsiveness of a complex hormone pathway and assess how that responsiveness differs between genotypes, populations or species? One of the simplest approaches to look at how phenotypic variants of any trait both respond to environmental conditions and vary with genotype is the 'norm of reaction.' A 'norm of reaction' is a graphical function that depicts the environment-phenotype relationship of a specific genotype under differing environmental conditions (Stearns, 1989; Schlichting and Pigliucci, 1998; Pigluicci, 2001) . Reaction norms are typically plotted as lines connecting trait values for a genotype (or collection of genotypes from distinct populations or species) measured across a range of environments ( Fig. 2 ). Depending on the study system and hypothesis, these environments might be a single parameter of interest (e.g., temperature, social density) or a set of complex, natural habitats that vary from each other in several ways. The norm of reaction approach was first introduced by Woltereck (1909) in a study of the morphological responses of Daphnia species to environmental conditions of temperature and nutrient levels. Since that time, the norm of reaction approach has become one of the most tractable methods for comparing phenotypic response functions over the same scope of environmental variation (Schlichting and Pigliucci, 1998) . In cases when the phenotype of an individual can be sampled repeatedly, the reaction norm approach can be used to study the phenotypic response profile of a single individual to environmental variation over time. Alternatively, this approach can be applied to compare variation in the plasticity of different genotypes -whether asexual clones, family lines, or populations -over a similar range of environmental conditions. Such comparisons can quickly reveal whether the genotypes under study exhibit genetic variation for that phenotypic character, plasticity in phenotypic expression, or genetic variation for plasticity itself (Fig. 2) (Carrol and Corneli, 1999; Piglucci, 2001) .
The reaction norm approach reveals several key points that are necessary to consider when investigating evolution of environment-phenotype relationships (Pigliucci, 2001) . First, the shape or slope of a reaction norm reveals the presence or absence of plasticity in phenotype over the range of environments examined (Fig. 2) . Although commonly oversimplified in presentation as straight lines when traits are quantified in only
Fig. 2 Illustration of how reaction norms can be used to identify sources of phenotypic variation
When an observation of phenotypic variation is made among individuals, populations, or species for the first time, the source(s) of that variation are often unknown. A reaction norm diagram describes how the phenotype produced by a given genotype (or set of genotypes from a population) varies over a range of environmental conditions, with each phenotype resulting from interactions among all of the organism's genes (genotype) and the environment (external and internal) experienced prior to that point in development. This idealized set of reaction norms illustrates how a reaction norm approach can be used to distinguish hypotheses for the sources of phenotypic variation. Although shown as straight lines here, reaction norms typically present themselves as straight lines only when phenotypes are measured in two environments. More commonly, reactions norms vary in shape and slope, so that the share of phenotypic variation that can be ascribed to genotypic variation and environmental variation will depend on the range of environments examined.
two environments -such as in the hypothetical examples presented in Fig. 2 -reaction norms are rarely straight but rather vary in both shape and slope among environments as a result of the complexities of gene interaction, environmental variation, and developmental processes that construct phenotypes during ontogeny (Stearns, 1989) . Second, the range of environmental conditions tested in any study can in itself be insightful. If reaction norms are measured over a range of environmental conditions broader than the environments where the populations currently live, new phenotypes not presently expressed might be revealed. Although some investigators may consider such conditions ecologically inconsequential, measuring reaction norms in conditions beyond those currently experienced has the potential to reveal information about how the expression of the phenotypic character is regulated by environmental cues, as well as how novel traits arise develop-mentally under environmental conditions experienced by ancestors in the past, or by descendants in the future.
Although not typically applied to endocrine systems, when used to simultaneously examine several of the components that comprise any endocrine pathway (described in the previous section), the norm of reaction approach can be powerful for visualizing whether individual components of a hormone pathway respond differently to shifting environmental conditions (Cockrem and Silverin, 2002; Williams, 2008; Oostra et al., 2011) . For example, in a recent study exploring the endocrine underpinnings of intraspecific behavioral variation in bicolor damselfish Stegastes partitus, Schrandt and Lema (2011) used a reaction norm approach to investigate how distinct components of the endocrine response to environmental stressors might differ among individuals occupying ecologically divergent habitats. Bicolor damselfish live on coral reefs in close association with the benthic substratum where the fish establish stable territories and use holes as nests and shelters from predators. On the coral reefs of Curaçao in the Caribbean Sea, this fish exhibits spatial variation in the frequencies of aggression, shelter use and courtship behaviors in accordance with variation in the physical structure of the reef (Schrandt et al., 2012) . Fish occupying areas of the reef comprised almost entirely of dead coral rubble are more aggressive, court more frequently, and use shelters more often than fish living in habitats containing live coral ( Fig. 3A ) (Schrandt and Lema, 2011; Schrandt et al., 2012) . When the plasma cortisol response to an acute stressor (20 min capture and confinement stress) was examined in male and female fish from these habitats, only a marginal difference in cortisol reactivity was evident that might explain the habitat-associated variation in behavior (Fig. 3C,D) . In teleost fishes, the primary site of cortisol production is the interrenal glands (equivalent of the mammalian adrenal glands), and the secretion of cortisol is controlled by pituitary secretion of ACTH, which is itself regulated by peptide hormones such as corticotropin-releasing
Fig. 3 Reaction norms might differ for each component of an endocrine signaling network
A study of intraspecific behavioral variation in a coral reef fish, the bicolor damselfish Stegastes partitus, identified significant variation in aggression, substratum shelter use, and courtship behaviors between live coral and dead coral rubble areas of a reef (A), and this behavioral variation was hypothesized to be associated with variation in hormone responses to stress, including the hypothalamic-pituitary-interrenal (HPI) axis endocrine response (B). Cortisol hormone responses from baseline (unstressed) to stressed condition (after 20 min of capture and holding stress) in both male (C) and female (D) damselfish revealed increased cortisol titers with stress (P < 0.0001 in each sex separately), but no statistically significant difference in the response in males from the different habitats (rubble or live reef) (F 1,53 = 0.960, P = 0.332) (C). Although not statistically significant (F 1,29 = 2.763, P = 0.107), the data suggest that females from different habitats may vary in cortisol titers following exposure to an acute stressor. Examination of the response of corticotrophin-releasing hormone (crh) mRNAs in the brain, however, revealed habitat-associated variation in the response to stress in females (F), but not males (E). The response of urotensin1 and CRH binding protein mRNAs exhibited a similar pattern of habitat-dependent plasticity in females, while CRH receptor type 1 and type 2 mRNAs did not (data not shown, see Schrandt and Lema, 2011) . All data are shown as mean ± SEM, and are adapted from Schrandt and Lema (2011). hormone (CRH) and urotensin-1 produced in the hypothalamus (Mommsen et al, 1999; Pankhurst, 2011) . However, both CRH and urotensin-1 also act locally within the brain to have neuromodulatory and behavioral effects, and variation in brain concentrations of CRH and urotensin-1 have been linked to changes in locomotor activity and feeding behaviors in fish (e.g., Bernier and Craig, 2005; Lowry and Moore, 2006) . Looking in the brain of these same damselfish revealed significant, sex-specific variation in gene transcript responses of crh (Fig. 3D, E) , as well as urotensin-1 (uro-ten1) and CRH binding protein (crh-bp) (data not shown, see Schrandt and Lema, 2011) linked to habitat. Interestingly, the relative abundance of gene transcripts encoding CRH receptor type 1 (crh-r1) and CRH receptor type 2 (crh-r2) did not exhibit habitat-associated responses to acute stress in these same females (data not shown, see Schrandt and Lema, 2011) , suggesting that the environmental differences between these habitats have led to intraspecific variation in some components of CRH-related protein hormone signaling in the brain, but not in receptor regulation.
Additional work is needed on these damselfish to determine which nuclei in the brain are generating these habitat-and sex-associated differences in crh and uro-ten1 mRNA transcription responses, as well as whether these transcriptional responses link to variation in hypothalamic-pituitary-interrenal (HPI) axis-mediated cortisol production, or to behaviors mediated directly by CRH or urotensin1 acting within the brain itself. Nonetheless, this example of environment-associated variation in hormonal responses to acute stress illustrates how each component of an endocrine signaling pathway can respond differently to environmental variation, and how those differences might vary even within a single population, either between sexes or in other ways such as between developmental stages. With respect to understanding the evolution of hormone-mediated phenotypes, this means that whenever possible multiple components of the multidimensional endocrine phenotypeand not just hormone levels -should be examined simultaneously in individuals exposed to a range of environments to avoid overlooking key components where plastic or evolutionary changes in endocrine signaling might have occurred. It is also important to recognize that because many hormone systems interact with each other, the environmental condition of interest will not always be external to the organism (e.g., temperature, rainfall), but could also be internal, such as systemic or tissue levels of another hormone (Williams, 2008) .
Examining norms of reaction for several components of a given hormone pathway should increase the likelihood of identifying components that show heritable variation in environmental responsiveness. We might then consider each component a separate 'endophenotype,' as each component may be underpinned by different genes -and thus different degrees of genetic or epigenetic variation -and could show a distinct plastic response. This term 'endophenotype' was coined by John and Lewis (1966) in a study of geographic variation in insects to refer to genetic and physiological attributes that were "…not the obvious and external but the microscopic and internal…" (p. 720). An 'endophenotype' could therefore refer to any measurable component of an organism that is not apparent solely by observing the organism's morphological, behavioral or life history phenotype, but provides a key source of variation along the pathway from underlying genotype to emergent phenotype (Gottesman and Gould, 2003) . While the concept of an 'endophenotype' has not yet been adopted by evolutionary endocrinologists, the term has become commonplace in the study of heritable, physiological indicators for complex behavioral socialization disorders such as schizophrenia and attention-deficit/hyperactivity (Hasler et al., 2004; Flint and Munafò, 2007; Phelps, 2010) . Studies in psychiatric genetics are now identifying hormonal endophenotypes for behaviors in humans, such as variation in CRH challenge activation of the HPA axis as a marker of depression (Steimer et al., 2007) , the identification of single-nucleotide polymorphisms (SNPs) in the CRH-R1 receptor associated with alcohol dependence (Chen et al., 2010) , and the role of serotonin receptor variation in impulsive aggressive behaviors (Zouk et al., 2007) . Given the complex, multidimensional structure of hormone signaling pathways and that evolutionary change could occur in any component (e.g., receptor, conversion enzyme, binding protein, etc.) of a pathway, the concept of an endophenotype has utility for describing the various component(s) of an endocrine pathway that could underlie the evolution of hormone-mediated phenotypic plasticity. In the context of hormone-mediated plasticity, any component of a hormone pathway that meets the following parameters could be considered an endophenotype:
(1) Variation in the endocrine signaling component needs to be associated with the plastic phenotypic response of interest (e.g., plasticity in behavior, morphology, life history, etc.).
(2) Variation in the environmental response of the endocrine signaling component should be detectable by experimental exposure of the organism to a variety of environments (e.g., 'norm of reaction'), potentially even before the plastic phenotypic response is observed.
(3) Variation in the endocrine signaling component needs to be heritable (e.g., has a genetic or epigenetic basis).
Under these criteria, any hormone pathway component exhibiting differential environmental regulation as a result of underlying variation in genotype would be considered an endophenotype for plasticity in the traits mediated by that hormone. And, since the goal of understanding the evolution of hormone-mediated plasticity requires distinguishing heritable variation in environmental responsiveness within endocrine regulatory networks, the identification of endophenotypes with the above characteristics could be a major step toward pinpointing the mechanistic foundations for individual-, population-or species-level variation in hormonemediated phenotypic plasticity.
Identifying Heritable Variation in Hormone Endophenotypes Related to Phenotypic Expression
Comparative and evolutionary endocrinologists interested in understanding how hormone-mediated phenotypes evolve are now focusing their efforts on understanding two key components of such evolution: 1) how environmental conditions alter phenotypic development and expression via shifts in the hormone regulatory network, and 2) what role genetic and epigenetic variation in hormones, hormone receptors, and other components of endocrine networks play in organismal adaptation. Hormones hold a central role in the mediation of phenotypic plasticity because the structure of hormones and their receptors are often encoded in genes, and because the mode of action of hormonal effects on cells frequently occurs via changes in patterns of gene expression ( Fig. 1) (Pigluicci, 2001; Dufty et al., 2002) . Given the advances in genomic, proteomic and metabolomic technologies over the last decade, our understanding of the evolution of endocrine regulation is likely to progress rapidly as these new approaches are applied to the study of variation in hormone signaling and, specifically, hormone-mediated plastic phenotypes (Aubin-Horth and Renn, 2009; Kitano et al., in press ). Here, we outline several research avenues that need to be addressed by future studies, including how genetic and epigenetic variation in endocrine-associated genes contributes to variation in endocrine networks underlying plasticity, and how the regulation of molecular and cellular pathways can be coupled or decoupled across multiple tissues to produce integrated phenotypic responses.
Heritable variation in environmentally-induced
hormone production To date, the majority of studies on hormone signal variation have focused on how the response of circulating hormone levels to environmental changes varies between individuals, populations, and species and, subsequently, how any such variation in hormone titers affects phenotypic variation (Bradshaw, 2007; Zera et al., 2007; Williams, 2008) . Such studies have contributed important findings about how hormones link environment and phenotype to regulate suites of traits and fashion an integrated phenotype. For instance, rainbow trout Oncorhynchus mykiss artificially selected for high responding or low responding post-stressor plasma cortisol titers exhibit correlated changes in other traits including behavioral dominance propensity, feeding and locomotion during social stress, and brain monoaminergic metabolism (Øverli et al., 2005) . Evidence such as this for hormone-influenced trait associations supports the idea that selection on systemic hormone levels can lead to correlated changes in several traits. Such pleitropic actions of hormones have been hypothesized to be an evolutionary constraint, wherein selection on any single hormone-mediated trait has the potential to alter other characters regulated by that same hormone (Sinervo and Svensson, 1998; Ketterson and Nolan, 1999; McGlothlin and Ketterson, 2008; Hau, 2007) . However, whether and when such contraints exist remains in question (e.g., Roberts et al., 2004; Ketterson et al., 2009) , and the use of 'phenotypic engineering' approaches -where hormone titers are experimentally altered to reveal both the suite of phenotypic traits regulated by that hormone and the relative fitness consequences of variation in circulating hormone -continue to provide important insights into the fitness trade-offs associated with systemic hormone variation (Ketterson et al. 1996; Ketterson and Nolan, 1999; Cox et al., 2009) .
Part of the difficulty in quantifying such fitness trade-offs likely emerges from the complexity of the endocrine regulatory network. Circulating hormone levels are often variable within an individual, as many hormones vary in secretion diurnally, or with age or reproductive status (e.g., Norris, 2007; Williams, 2008) . Quantifying a hormone at a single time point and as-suming that single value to be representative of an individual's endocrine status may thus obscure key dynamics of hormone signaling in that individual. Rather, it may be the activation profile (e.g., change from baseline to elevated) of the hormone axis that is under selection as individuals cope with environmental challenges (Wingfield, 1994; Ketterson et al., 2009 ), but that profile would not be apparent from a single hormone titer measurement. This method of looking at the hormone response profile is commonly used in studies of glucocorticoid production resulting from HPA/HPI axis activation in vertebrates (Wingfield, 1994; Romero et al., 2008; Schrandt and Lema, 2011; Romero, 2012) , as well as in studies of androgen responses in social challenge scenarios (e.g., Goymann et al. 2007; Goymann 2009; Dijkstra et al., 2012) .
The approach of quantifying hormone activation profiles should be applicable to many hormone systems. The environmental cues relevant to titer changes will vary depending on the hormone, as will the relevant time scale of the hormone response. Depending on the nature of the plastic phenotype of interest, it might be important to quantify a hormone response profile over short-term, acute (minutes or hours) or longer-term, developmental (days, weeks or years) time scales, or both. For example, a recent study of males of two genera of East African cichlid fishes (Pundamilia spp. and Mbipia spp.) found evidence for evolutionary divergence in circulating testosterone and cortisol concentrations between the genera (Dijkstra et al., 2012) . This evolutionary difference in steroid hormone levels, however, was only apparent in males tested under conditions of prolonged (1 week) social interaction with other males, and not in socially-isolated males or males experiencing a territorial intrusion challenge by another male (Dijkstra et al., 2012 ; see also Dijkstra et al., 2011) . As a second example, variation in levels of the thyroid hormone thyroxine (T 4 ) was recently identified as an underpinning for divergence in migratory behavior among threespine stickleback fish (Gasterosteus aculeatus) ecotypes (Kitano et al., 2010; Kitano and Lema, 2013) . This ecotypic divergence in the thyroid hormone signaling network extends beyond T 4 levels in these fish, as SNP variation in the thyroid-stimulating hormone β-subunit 2 (tshβ2) locus and relative tshβ2 transcript abundance in the pituitary both segregated closely with ecotype (Kitano et al., 2010) . What is more, however, is that the magnitude of the variation in tshβ2 gene expression among ecotypes is influenced by photoperiod, so that ecotypes exhibit dramatic differences in pituitary tshβ2 mRNA levels on short day photoperiod (8 hrs light:16 hrs dark), but considerably reduced variation on long day photoperiod (16 hrs light: 8 hrs dark) (Kitano et al., 2010) .
As these examples illustrate, observing the hormone phenotype under only a single environmental condition could overlook ecologically-important dynamics in hormone production. The use of reaction norms can therefore be a useful approach for how hormone production responds to a range of environmental conditions, and help evaluate whether divergence in hormone responses has occurred. One clear example where such a reaction norm approach has been applied in an evolutionary context comes from work on the arginine vasotocin (AVT) neuropeptide system in allopatric populations of pupfish (Lema, 2006) . AVT is produced in the preoptic area (POA), and either secreted locally in the brain where it functions as a neuromodulator or into systemic circulation via the neurohypophysis. AVT regulates a variety of functions in fish, including aggressive behaviors, hydromineral balance and HPI stress responses (Semsar et al., 2001; Lema and Nevitt, 2004b; Balment et al., 2006) , and the AVT produced in different regions of the POA (e.g., parvocellular, magnocellular) has been linked to different physiological and behavioral functions (e.g., Lema, 2006; Greenwood et al., 2008) . Some pupfishes occupy isolated habitats that differ widely in environmental conditions such as salinity, temperature, and social density, and select populations were found to have diverged in how their neural AVT systems responds to environmental salinity (Fig. 4 ; Lema and Nevitt 2004a; Lema, 2006) .
Tissue-specific changes in hormone levels
The findings from this study of pupfish above illustrate a second important point about evolutionary changes in endocrine regulatory networks: hormone systems can evolve in a tissue-specific or brain region-specific manner. In those populations of pupfish, different AVT neural groups in the POA were discovered to have evolved distinct plastic responses to environmental conditions like salinity (Fig. 4) , indicating that selection can act in a highly specific manner on hormonal endophenotypes, and even distinguish between adjacent brain nuclei producing the same hormone if those hormone-producing cells have dissimilar functions (Lema, 2006) . Although the prevalence of such nuclei-specific evolution is still unknown, evidence for tissue specificity implies that evolution can dislink environmentally-regulated hormone production and secretion pathways across tissues. Tissue variation
Fig. 4 Example of tissue-specific evolutionary change in plasticity of an endophenotype detected using reaction norms
Plasticity in neural arginine vasotocin (AVT) endophenotype has evolved between two allopatric populations of Cyprinodon nevadensis pupfish. In fishes, arginine vasotocin (AVT) peptide hormone is produced in neurons in the preoptic area (POA) of the hypothalamus, as shown in this representative image of AVT-immunoreactive neuronal bodies and fibers in the POA of a male pupfish (A). Quantification of AVT-ir neuron number in fish that experienced environmental salinities of either 0.4 ppt or 3.0 ppt from 15 days post fertilization until sexual maturity revealed evolutionary divergence in developmental plasticity in parvocellular POA (F 1,61 = 4.430, P =0.039) (B), but not magnocellular POA (F 1,64 = 0.064, P = 0.802) (C) AVT-ir endophenotype between the pupfish populations. Scale bar in (A) represents 100 μm. All data are shown as mean ± SEM. Results adapted from Lema (2006). in genetic or epigenetic control of gene expression might allow selection to acts on hormone pathways with tissue specificity, so that plasticity in hormone production might evolve in one tissue of brain nucleus, but not in an adjacent tissue or nucleus (e.g., Lema, 2006; Rosvall et al., 2012) .
It is also important to consider that variation in paracrine or autocrine signaling might be central to the evolutionary diversification of endocrine function. Although paracrine and autocrine hormonal function is still largely unexplored in comparative animal systems, technical advances in the ability to detect mRNA transcripts at even low abundance is providing evidence that many hormones may be produced in tissues (e.g., CRH production and CRH-R expression in skin; mRNAs encoding tshβ hormone in gonadal tissues; or AVT polypeptide and mRNAs in the gonad) beyond the major endocrine organs where they were discovered and have been lengthily studied (Slominski et al., 2006; Lema et al., 2009; Ramallo et al., 2012) . The functional significance of hormone production in these non-traditional tissues remains largely unexpounded.
Heritable variation in other hormone signaling components
Variation in other components (e.g., receptors, conversion enzymes, membrane transporters, etc.) of hormone signaling at the level of peripheral target tissues is also likely to play an important role in the evolution of endocrine-mediated adaptive plasticity. Accumulating evidence from a variety of taxa suggests that the regulatory responses of receptors and conversion enzymes in peripheral tissues can -but don't always -occur in a tissue-specific manner ( Table 2 ). If commonplace, such tissue-specific regulation of hormone receptors, binding proteins, conversion enzymes or other target tissue components of a hormone signaling network could generate phenotypic change in a tissue-specific manner, effectively bypassing any pleiotropic constraints that might accompany evolved changes in systemic hormone titers (Hau, 2007; Zera et al., 2007; McGlothlin and Ketterson, 2008; Ketterson et al., 2009) .
Studies on the evolution of these target tissue components of hormone signaling are sparse, likely due to the difficulty in measuring the characters of hormone receptors, degradation and conversion enzymes, and binding proteins. However, with the increasing availability of genomic and proteomic techniques in comparative endocrinology (Kitano et al., in press ), there are now several examples where the examination of these target tissue components is providing new insight into how hormone-mediated phenotypic plasticity evolves. For instance, spadefoot toads are now a model for hormone regulation of developmental plasticity, as environmentally-induced changes in CRH and TH sig- naling will shift the timing of metamorphosis in response to a drying aquatic habitat (Denver, 1998; 2013) . Spadefoot toad species vary, however, in this plasticity (Buchholz and Hayes, 2002) , and species have been found to differ in whole body, tail and liver TH content, and in the sensitivity and responsiveness of tail metamorphosis to T 3 (Buchholz and Hayes, 2005) . Recent work by Hollar and coworkers (2011) revealed that these species differences in metamorphic sensitivity to THs may be related to species variation in the abundance of TH receptor isoform-α (trα) in the tail, suggesting that regulatory changes in peripheral TH receptor expression may contribute to evolutionary divergence in metamorphic plasticity. In a second example of peripheral regulation of plasticity, it has been demonstrated that genetic variation in the activity of juvenile hormone (JH) esterase can generate evolutionary change in the wing polymorphisms of the cricket Gryllus firmus (Zera and Huang, 1995; Zera, 2006) . Examples where evolutionary changes in peripheral hormone regulation have been linked to divergence in plasticity are presently few in number but will likely increase as emerging genomic, transcriptomic and proteomic methods facilitate studies of peripheral hormone regulation in an evolutionary context (Zera et al., 2007; Kitano et al., in press ). In the interim, we might look to studies of inter-and intraspecific variation in peripheral hormone regulation to get a picture of how such evolutionary changes may occur. Such studies reveal that even closely related taxa can vary in hormone signaling mechanisms in peripheral tissues. For example, in a now classic example of the hormonal basis for behavioral evolution, several species of voles that differ in mating system and associated social behaviors were observed to vary in brain distribution patterns of the V1a-type receptor for arginine vasopressin (AVP) (Insel et al., 1994; Wang et al., 1997; reviewed in Insel and Young, 2000; Phelps, 2010) . These species differences in receptor expression result from variation in the length of a microsatellite located in the 5′ flanking cis-regulatory region of the V1a-type receptor (avpr1a) locus. Insertion of the avpr1a gene from the prairie vole Microtus ochrogaster which is highly affiliative and monogamous, into a transgenic mouse, a species typically polygynous, shifted both the pattern of brain V1a receptor distribution and behavior toward that of the monogamous vole (Young et al., 1999; Lim et al., 2004) . Along the same line, work with two sympatric species of threespine stickleback in Japan revealed significant variation in plasma sex steroid profiles linked to variation in steroi-dogenic enzyme expression in the gonads (Kitano et al., 2011) . These stickleback species differ in mating behaviors and have different migration routes while at sea. This finding of significant variation in gonadal conversion enzyme expression between incipient sympatric species speaks to the sensitivity that hormonal signaling components can show to ecological variation.
Variation in peripheral endocrine signaling is not limited to species differences, but also has been observed among individuals of the same species. The white-crowned sparrow Zonotrichia leucophrys, for example, exhibits latitudinal variation in plasma corticosteroid-binding capacity and tissue glucocorticoid receptor-like binding, but not baseline or stressed total (HBP bound and free) corticosterone levels (Breuner et al., 2003) . Latitudinal variation in HPA stress reactivity in this species thus appears mediated not by changes in the production and secretion of corticosterone, but rather by variation in other signaling components such as blood binding protein capacity. In a separate study involving another songbird, the dark-eyed junco Junco hyemalis, Rosvall and colleagues (2012) found that individual variation in aggression in both males and females was positively associated with variation in the relative abundance of transcripts encoding androgen receptor, estrogen receptor and aromatase enzyme proteins in the ventromedial telencephalon. Taken as a whole, the findings of studies such as these suggest that individuals and populations can vary significantly in how hormones are transported, enzymatically converted, and transduced by receptors into intracellular responses in peripheral tissues. If heritable, such endophenotype variation should be subject to selection in dissimilar environments.
Given the accumulating evidence that peripheral target tissues can exhibit independent patterns of regulation in hormone production, conversion enzyme activity and receptor expression (Table 2) , perhaps the key question should no longer be whether such components can be differentially regulated in target tissues, but rather under what ecological conditions of selection does regulation of the same peripheral signaling component (e.g., the same receptor) become coupled or decoupled across tissues. How does genetic and epigenetic variation mediate that decoupling, and how do the environmental conditions that an organism experiences shape the strength of correlated expression of those signaling components (Stearns et al., 1991) ? If the expressional regulation of peripheral signaling components can be independent among target tissues -and therefore should be considered different endophenotypes in each tissuedo these endophenotypes also vary in environmentally-mediated expression (plasticity)? And, what role might such plasticity play in the evolution of target tissue responses to hormones?
4
Emerging Approaches to Study Hormone Regulatory Networks and Phenotypic Plasticity 4.1 Application of genomic and transcriptomic methods Future studies of the evolution of hormone-mediated phenotypic plasticity will benefit greatly from the application of new methodologies, including the advances of genome biology (Aubin-Horth and Renn, 2009; Kitano et al., in press ). Such genomic methodologies will be essential for providing both qualitative and quantitative information on the many peripheral components (e.g., HBPs, transporters, conversion enzymes) that comprise any endocrine signaling network. Recent advances such as next-generation sequencing (NGS) and RNA-seq methods now enable genomes or transcriptomes from even non-model organisms to be sequenced quickly. In the past, one of the primary limitations on the study of endocrine signaling in non-model specieswhich typically are the species of evolutionary interestis that the diversity and structure of protein components in a non-model species' hormone network were unknown. With the completion of more sequenced genomes each year, the full diversity of receptor, enzyme, and transporter proteins involved in endocrine signaling should become better illuminated. As described above, quantitative assessment of how expression of these peripheral components is regulated will be key to evaluating constraints and trade-offs in the evolution of hormone-mediated phenotypic plasticity (Kitano et al., in press) .
Emerging genomic methods are also providing insights into possible mechanisms for tissue-specific gene regulation in endocrine signaling networks. Studies examining epigenetic mechanisms of gene regulation such as CpG methylation, histone acetylation, and miRNAs are already generating important revelations about plasticity in hormone signaling (Zhang and Ho, 2011) . For instance, recently it was found that rats exposed to exogenous T exhibit elevated CpG methylation in the promoter region of the AVP gene -but decreased methylation in the gene encoding estrogen receptor αin cells located in the bed nucleus of the stria terminalis (BST), a brain region linked to social aggression (Auger et al., 2011) . Similarly, both maternal care and repeated exposure to stressors can alter DNA methylation patterns that contribute to altered HPA axis-mediated stress reactivity as adults (Champagne and Curley, 2009 ) and across generations (Crews et al., 2012) . The study of epigenetic regulation is in its infancy in endocrinology, and even more so in ecology (e.g., Bossdorf et al., 2008) . And yet, because variation in gene expression underlies the development and expression of phenotypic variation (e.g., Whitehead and Crawford, 2006) , studies into the epigenetic basis for phenotypic plasticity are likely to make significant contributions toward understanding how hormone-mediated plasticity occurs in dissimilar environments (e.g., Snell-Rood et al., 2013) .
Network and path analysis modeling approaches
As the use of genomic, transcriptomic and proteomic approaches becomes more common, a clear need is emerging for the application of mathematical methods that can analyze and model the information contained within the large data sets that characteristically result from these '-omic' approaches. To be relevant to questions about phenotypic plasticity, such mathematical methods need to represent the real-world complexity of organism-environment interaction, such as the integrative structure of the endocrine network and varied environmental inputs. Evolutionary endocrinologists need not "reinvent the wheel" for these models, as several current modeling and statistical methods exist that should help establish relationships among components of an endocrine signaling network and facilitate quantification of the direction and strength of relationships within the broader physiological network (Ament et al., 2012; Cohen et al., 2012) . Such network models are currently being used in other scientific fields of inquiry, but are only beginning to be applied in studies of comparative endocrinology (e.g., Oldfield et al., 2013; O'Connell and Hofmann, 2012) . In genome biology, for instance, network modeling is already enabling predictive ability for identifying genetic loci where perturbations will be most deleterious for health and for informing which nodes to target for the development of new pharmaceuticals (e.g., Tu et al., 2012; Zhu et al., 2012) .
The application of network modeling to questions in evolutionary endocrinology and phenotypic plasticity could be powerful for understanding the complex network of interactions that connect organismal phenotypes to environmental conditions. The first step in such an approach is to map the network of environmenthormone-trait interactions for a system of interest (Fig.  5 ). Such network models can be constructed using a variety of methods including predicted causal relationship derived from published reductionist studies on just a few of the network components (e.g., hormone A upregulates receptor B). When such relationships are not known, multiple network models can be constructed and then tested for 'best-fit' using statistical methods such as path analysis and structural equation modeling (Shipley, 2000) . These methods allow for inferential testing of causal relationships among multiple variables that interact in complex patterns. While statistical approaches like path analysis have been applied in several scientific fields such as epidemiology, neuroscience, and ecology (e.g., Hoke et al., 2005; Schrandt et al., 2012;  for more explanation, see Wright, 1984) , to our knowledge, they have been absent from comparative endocrinology.
One of the strengths in this approach is that the scope of the model (i.e., number of variables included) can be expanded or restricted according to the research questions being addressed (Sultan and Stearns, 2005) . Initial applications of these methods may only need to repre-sent the integrative structure of the hormone network, but might later be extended to account for developmental changes in sensitivity to environmental input, denote known changes in hormonal pathways due to previous hormone levels (organization-activation), or characterize broader impacts that plastic changes in any single component might have for the functioning of the overall network. Given that endocrine regulatory networks are complex systems than link genetic variation to environmental variation, a fuller understanding of both the causal structure of these hormone pathways and the effects that change in any pathway component will have for plasticity in hormone effects could be greatly enhanced by the use of network models and meta-analysis approaches (Ament et al., 2012; Cohen et al., 2012) .
Conclusions
To understand how phenotypic plasticity evolves, it is important to recall that plasticity emerges from the network of relationships whereby an organism interacts with its environment. Understanding the evolution of phenotypic plasticity therefore requires the study of how
Fig. 5 Illustration of a hypothetical path analysis model for arginine vasotocin (AVT) hormone regulation of kidney function, hypothalamic-pituitary-interrenal (HPI) stress reactivity, and behaviors by two environmental conditions: salinity and social status/rank
This path analysis model represents a structural hypothesis about the causal relationships among the variables shown as ovals. In this model, these variables include environmental condition, endophenotypes, and other components of organismal phenotype. Each arrow is a 'path' in the model for a hypothesized association among the variables; solid arrows represent positive associations, while dashed arrows represent negative associations. The thickness of each arrow indicates the strength of that association. The boxes represent quantitative measures used in structural equation models to generate a composite value for each endophenotype variable. Although the model shown here is hypothetical, models such as this one could be used to quantitatively infer causal associations among the variables and test statistically the structure of the model, the strength of each associations, and whether the structure and strength of associations remain similar for organisms experiencing differing environments. organisms incorporate those conditions during development, including the physiological and behavioral mechanisms that underpin coordinated phenotypic responses to environmental experience. Hormone chemical messengers influence phenotypes by regulating cellular function and gene expression in response to changes in the internal or external conditions. Hormones can therefore be viewed as a developmental link between an organism and its environment. Investigations of the hormonal bases for how genotype-environment interaction occurs can therefore provide significant insights into the evolution of phenotypic plasticity, especially if these studies are conducted in multiple populations or species.
Given the complex structure of endocrine signaling networks, it should be expected that evolutionary changes in hormone-regulated plasticity involve several network components, especially since emerging evidence indicates that environmental conditions can alter the expression of receptors, conversion enzymes, membrane transporters and binding proteins in cell-or tissue-specific ways. The challenge for researchers striving to understand the evolution of phenotypic plasticity will be to develop methods to quantify each component in an endocrine network, identify genetic or epigenetic variation in each of these components, and examine how any such variation generates differences in component expression in dissimilar environments. Overcoming these challenges will require a greater degree of communication and collaboration across research laboratories, to combine 'phenotypic engineering' approaches using exogenous hormones or manipulated environments with new methods for hormone measurement, transcriptome and proteome profiling in multiple tissues, analysis of genetic and epigenetic variation, and network modeling to integrate multidimensional data sets. Evolutionary endocrinology is at the crossover to a period of rapid discovery given the variety of genomic tools now available for studying phenotypic variation in non-model species (e.g., Denver et al., 2009) , and our understanding of how phenotypic plasticity evolves should advance rapidly as these tools are increasingly applied in ecologically relevant contexts.
